The spatial distribution of radon in soil and ground water is investigated in the proximity of Khairi Murat (KM) fault, Northern Pakistan. The present work is aimed to delineate the concealed segment of KM fault by analyzing the spatial distribution of radon in soil and ground water. Soil radon concentration is measured for 90 sampling points along 15 transverse profiles in the proximity of KM fault zone. A consistent trend of soil radon level for exposed and concealed segment of KM fault manifests the existence of subsurface fault structure. The anomalous radon level (2.40-3.35 kBq/m 3 ) corresponds to sampling points adjacent to fault zone. Conversely, insignificant radon level (1.57-2.35 kBq/m 3 ) corresponds to the distant sampling points from fault zone. Such heterogeneity of soil-radon level along transverse profiles reveals an evident correlation with seismogenic feature. In addition to that, ground water radon level, along (29.41 ± 5.2 Bq/L) and across (12.33 ± 3.2 Bq/L) the KM fault show a congruence with soil radon observations. Inclusively, our results suggest that spatial distribution of soil radon can serve as a useful tool for identification of concealed seismogenic features.
Degassing of radon in fractured areas (soil) is mainly occurred through advection as compared to diffusion or convection (Riggio and Santulin, 2015) . Weak zones such as fracture and faults act as a pathways for migration of radon in the upper crust (Al-Tamimi and Abumurad, 2001; Moussa et al., 2003; Khan et al., 2009; Fu et al., 2005; Mahajan et al., 2010; Walia et al., 2010; Wang et al., 2014) .
The physical mechanism beyond the migration of soilgases associated with dynamic coupling of lithosphere is systematically explained by Lithospheric-AtmosphericIonospheric Coupling (LAIC) model (Pulinets and Ouzounov, 2011) . The LAIC model proposed that the movement of tectonic plates ultimately resulting the migration of soil-gases towards the surface. This strain change within the Earth's crust during the earthquake preparatory period is expected to enhance the radon concentration level in soil. Besides LAIC model, an intriguing explanation for migration of soil-gases, opening/closing of cracks associated with tectonic stresses is also explained by Dilatancy-Diffusion (DD) and Crack-Avalanche (CA) models (Planinić et al., 2001; Ghosh et al., 2009) .
In recent years, numerous studies have been reported that the anomalous variation of radon associated with earthquake precursory phenomena (Walia et al., 2013; Oh and Kim, 2015; Jilani et al., 2017; Barkat et al., 2017; Spatial mapping of radon: Implication for fault delineation WAQAR ALI ZAFAR, 1 * JUNAID AHMED, 1 ADNAN BARKAT, 1 AHMED NABI,
INTRODUCTION
The contemporary scientific progress in the field of geochemical fluid research reveals a potential correlation among dynamic of soil-gases and geodynamic activities (Ciotoli et al., 2007; Walia et al., 2010; Seminsky and Demberel, 2013; Wang et al., 2014; Yuce et al., 2017; Fu et al., 2017) . Monitoring of these soil-gases such as helium, radon, nitrogen, carbon-dioxide, methane in an effective method to study various manifestations associated with geodynamic activities in the lithosphere. Investigation of these soil-gases are mainly used for the identification of active fault zones and surveillance of impending seismic activity in different environments i.e., air, water and soil (Liu et al., 1984; Kritz et al., 1990; Baixeras et al., 2005; Somlai, 2007; Ali et al., 2010; Mahajan et al., 2010; Walia et al., 2010; Rafique et al., 2012; Barkat et al., 2017) .
Among all these soil-gases, utmost importance is given to radon due to its unique characteristics i.e., inert nature and relatively longer half-life (3.82 days). Gascious nature of radon facilitates its higher mobility in comparison with parental elements such as uranium and thorium. et al., 2017) . Amplitude of radon anomaly mainly depends on the magnitude, depth and epicentral distance of particular earthquake and radon monitoring station (Swakon et al., 2004; Vaupotić et al., 2010; Sac et al., 2011; Walia et al., 2008 Walia et al., , 2013 Fu et al., 2017) . Besides earthquake pre-cursory analysis radon is also used for mapping the buried fault zones in seismically active regions (Mahajan et al., 2010; Walia et al., 2010; Seminsky and Demberel, 2013; Wang et al., 2014; Fu et al., 2017; Yakut et al., 2017) .
In the current study, spatial mapping of radon in soil and ground water is performed to delineate the concealed segment of Khairi Murat (KM) fault in northern Pakistan. In the proximity of KM fault, few moderate seismic events were recorded in past highlighting the importance of this work for hazard assessment. In addition to that, KM fault lies in the proximity of massive artificial water reservoir known as Tarbella Dam in Khyber Pakhtunkhwa, Pakistan emphasizing the delineation study of this key tectonic feature. At first stage, soil radon survey is conducted along and across the exposed and concealed segment of KM fault within a region of 37.5 km 2 to analyze the trend of soil radon concentration in the proximity of fault zone. At second stage, ground water radon survey is conducted along and across the KM fault zone to analyze the spatial distribution of radon. At third stage, a comparison is performed among radon concentration for soil and ground water to estimate the radon activity associated with fault in study area. In addition to that, the objective of this study is to reveal the radon anomalies, analyze their shape and establish their variability in space, which depends on topographic, tectonic, meteorological and geochemical features. Moreover, radon level in soil and ground water for concealed and overt segment of KM fault is also compared to confirm its subsurface existence.
In what follows, the description of study area and fault zone is presented in Section "Tectonic of Study Area". The detailed experimental methodology for measurement of radon in soil and ground water along with working principle of instrumental setup is provided in Section "Methodology". In Section "Results and Discussion", the analysis of radon measurements in soil and ground water is performed for concealed and overt segment of KM fault. Finally, the conclusions of current investigation are reported in Section "Conclusions".
TECTONIC OF STUDY AREA
The Northern Pakistan is considered to be seismically active region lies on the collision zone of Indian and Eura- sian plate. This continental collision resulting in the formation of enormous mountain ranges of Himalayas, Karakoram, and Hindu Kush covering a part of north Pakistan . This region is characterized by continuous seismic activity and occurrence of moderate to major earthquakes (Rehman et al., 2015 . Key tectonic features of this region are Main Karakoram Thrust, Main Mantle Thrust, Main Boundary Thrust (MBT), and Salt Range Thrust (Rehman et al., 2015) . In past few years, potential seismicity is experienced along the MBT i.e., devastating Oct 8, 2005 Kashmir earthquake resulting a massive destruction and causalities. The KM fault is one of the splay of MBT that is 2500-3500 km long with ENE-WSW trend along strike-slip and normal and thrust sense of relative movement (Rehman et al., 2015 Awais et al., 2017) .
The KM fault is located on the western margin of MBT near Islamabad Pakistan at an altitude of 535 m above mean sea level (a.m.s.l.) as shown in Fig. 1 . Topographically, this region is dominant with undulation along and across the KM fault with altitude ranging from 430 m to 510 m a.m.s.l., respectively. The spasmodic occurrence moderate magnitude (M 4-5.5) earthquakes highlights the aspect of active nature of KM fault. Geologically, the region of KM fault range marked in North Potowar Deformation Zone and has evolved due to Khairi Murat thrust juxtapose Murree formation against the Eocene limestone. The surface exposure of this fault is more prominent due to thrusting of the Eocene (Chorgali) strata over the Murree (Jadoon et al., 1995) . In the SW, the surface exposure of the fault ends at Kanjoor Dam (Sameeni et al., 2013) . Overall, by considering the tectonic setting of study area it is imperative to delineate the concealed fault segment of this key tectonic feature.
METHODOLOGY
The methodology section is comprised of three part: (a) experimental setup; (b) radon survey in soil; and (c) radon survey in ground water. The experimental section describe the working procedure of radon monitor while, other sections give a brief explanation of radon survey and methodology adopted to analyze the radon level in the context of delineation of active fault zones.
Experimental setup
The spatial mapping of radon in soil and ground water is conducted by a portable radon monitor known as AlphaGUARD (PQ2000 model) along with pumping setup and soil probe. The AlphaGUARD is commonly (AlphaGUARD Manual, 1998) . Table 1 . Soil radon concentration (Q) measured along survey profiles used in multi-disciplinary research i.e., geological survey, earthquake surveillance, radiation hazard analysis, short-and long-term radon monitoring of indoor/outdoor radon level. Besides this, AlphaGUARD is also used for radon measurement in different environments i.e., air, water, soil and building materials. In addition to that, AlphaGUARD is a portable radon monitor with an internal battery that will run for approximately 10 days. The AlphaGUARD has a measurement range of 2.0 Bq/m 3 to 2000 kBq/m 3 with an operating temperature of -10∞C to +50∞C, operating pressure of 700 mbar to 1100 mbar and operating relative humidity of 0 to 99%, respectively (AlphaGUARD manual, 1998).
The working principle of the radon monitor is alpha spectroscopy through pulse-counting ionization chamber. The soil probe was used to measure the radon concentration level in soil with an optimal sensitivity of 5 cpm at 100 Bq/m 3 . For soil radon measurement, the soil probe is fixed at a depth of (0.7-1.0) m interval. The schematic of soil radon measurement procedure is shown in Fig. 3 . The soil air is sucked using soil probe through Alpha pump at a rate of 1 lit/mint for a flow cycle of 1 mint. For radon measurement, soil-gas was pumped for an interval of 10 minutes towards the AlphaGUARD chamber with a waiting time of 10 minutes for decaying of short-lived radionuclides i.e., thoron. Radon survey was conducted during the favorable environmental conditions in early summer season from 4th to 15th April 2017. The maximum day time temperature during the survey period varied between 35∞C to 42∞C with mean day time temperature of 40∞C.
Radon survey in soil
The soil radon survey is performed in the proximity of fault zone along 15 profiles (P-1 to P-15) in an area of 37.5 km 2 transverse direction to the KM fault zone as shown in Fig. 1 . Survery profiles were selected in accordance with the field observations, geological information/ data and the probable fault alignment in the study area.
The survey profiles are extended to 3 km length consisting of six sampling points closely spaced (0.5 km apart) with intra profile distance of 1 km as shown in Fig. 1 . For radon measurements, soil-gases were sampled at a depth of 0.7-1 m approximately using soil probe illustrated in Fig. 3 . For each sampling point, three observation were recorded with a time lag of 10 minutes and their average is reported to minimize the personal and instrumental error, if any.
The meteorological parameters, soil geochemistry and topography of study area significantly affects the soilgas composition and their distribution in soil atmosphere. The soil radon sampling is performed under similar meteorological condition for a short time interval (i.e., one day) to minimize the influence of these parameters .
Radon survey in ground water
To further validate our results, radon measurement is also performed in ground water along and across the most probable fault locations. Water samples are collected from suitable locations i.e., (a) faraway from visible signatures of fault zone; (b) near to visible signature of fault zone; and (c) beyond termination of the physical signature of fault zone (Table 2 ). In the proximity of KM fault zone, ten ground water samples were randomly collected from a depth of 20-40 m approximately as shown in Fig. 2 The water samples are collected in dark glass bottles of nearly 1 liter capacity. Radon level in collected water samples are measured within 12 hours in order to minimize the influence of radioactive decay (Alonso et al., 2015) . Ground water sample collection methodology adopted in this study is briefly explained by Alonso et al. (2015) . Due to presence of brine water sources having very low conductivity, limited water samples are collected (Alonso et al., 2015) . Prior to radon measurement, background activity level is measured (50 Bq/m 3 ) for precise results. The mathematical relation used in current study for time lapse calculation is proposed by Corrêa et al. (2009) :
where, C water is the radon concentration (Bq/L), C air is the radon concentration in gas exhaled from water sample (Bq/m 3 ), V System is the system volume, V Sample is the sample volume, C bg is the background radon level. The diffusion coefficient K depends on the temperature of water samples used in Eq. (1) is calculated using following relationship: The time delay between the sample collection and radon measurement is calculated using the following equation:
where, C 0 is the corrected radon concentration, C(t) is the radon concentration measured at time t (in our case 12 hours), l is the decay constant of radon (l = 0.00756) and half-life of radon (t 1/2 = 3.82 days). The radon concentration in water samples is linked with the distance between the sampling point and probably location of concealed KM fault segment.
RESULTS AND DISCUSSION

Spatial variation of soil radon concentration
The spatial distribution of soil radon in the proximity of KM fault is measured and analyze to delineate the concealed segment of this key tectonic feature. Soil radon mapping is conducted at 90 sampling points along 15 profiles in transverse direction to the KM fault. Each profile consists of 6 sampling points with a gap of 500 m for 3 km length. Along each profile, the values of "zero" abscissa denotes the most probable fault location. In the same way, a negative value is the distance towards South whereas a positive value is the distance towards North of the fault zone. The spatial variation of soil radon for all the selected profiles and their distances from probably location of KM fault is given in Figs. 5-7 .
At first instant, soil radon distribution for profile P1 to P5 presented in Figs. 5a-e is analyzed and correlated with KM fault zone. The recorded radon concentration along profile P1 (transverse to KM) show a large spatial variation of radon. The soil radon values ranges from 2,000 Bq/m 3 to 3,200 Bq/m 3 . For P1 profile, at probably fault location (distance ª 0 m) maximum radon level (3, 200 Bq/m 3 ) is observed. However, the sampling points located away from the KM fault show a drastic decrease in radon level (Fig. 5a) . Overall, Fig. 5a reveals a distance dependent variability in soil radon level by considering the KM fault at central location. In accordance with above observation, a similar trend of soil radon level is observed for P2 profile with slight variation (2,200-3,400 Bq/m 3 ) in radon concentration. In general, the anomalous soil radon level presented in Figs. 5a-e for profile P1 to P5 clearly manifest their association with fault segment that can be characterized by considerable spatial variability of soil radon level. The pattern of radon distribution varies in term of shape and quantity along and across the strike of the KM fault expressed in Figs. 5a-e.
At second instant, spatial distribution of soil radon along profiles P6 to P10, perpendicular to KM fault is measured and analyzed. In majority of profiles, similar trend is observed (as presented in Figs. 5a-e) along transverse direction to the KM fault with peak radon value at probable fault location (distance ª 0 m). However, profiles presented in Figs. 6a-e manifest an inverse relationship between soil radon concentration and distance from the KM fault zone. A very considerable lowering of soil radon concentration is recorded for sampling points located away from the KM fault (Figs. 6a-e) . While, a very significant increase in soil radon level is observed for sampling points located near the fault zone for majority of profiles. The soil radon level ranges from 2,000 Bq/m 3 to 2,300 Bq/m 3 , for sampling point away from KM fault whereas for nearest point (distance ª 0 m) significant radon anomalies (2,800 Bq/m 3 to 3,300 Bq/m 3 ) were recorded. Furthermore, soil radon patterns presented in Fig.  5 reveals an analogous behaviour with profiles presented in Fig. 6 . Therefore, it can be concluded that soil radon pattern confirms the existence of seismogenic source i.e., fault line.
At third stage, soil radon survey is conducted to confirm the subsurface existence of KM fault beyond the termination of fault surface exposure. The soil radon measurements along the profile P11-P15 to identify the subsurface signature of KM fault is presented in Figs. 7a-e. The soil radon patterns observed in Figs. 5 and 6 reveal a comparable behaviour conceivably related with the subsurface fault continuation. However, the maximum level of radon recorded for P13 to P15 is found to be relatively lower (as compare to P11 and P12) that can be possibly attributed by the thick soil cover over the hidden tectonic feature.
Inclusively, a good agreement is found to be exist among all the selected profiles presented in Figs. 5-7. The soil radon patterns reveal an existence of similar trend for exposed and buried segment of KM fault. The con- tour map of spatial distribution of soil radon in the proximity of KM fault zone for selected profiles (P1-P15) confirms the subsurface existence of KM fault in southwest direction (Fig. 8) . Therefore, it can be concluded that soil radon values before and after the termination of KM fault is attributed towards their subsurface existence. Moreover, the soil radon patterns observed in current study is found to be consistent with pervious observations reported by Ioannides et al. (2003) , Font et al. (2008) , Seminsky and Demberel (2013) , Walia et al. (2010) . In addition to that, radon measurement in ground water presented in Subsection "Variations in radon concentration in ground water" is also performed in the proximity of Km fault zone to further authenticate our results.
Variations in radon concentration in ground water
In current study, the spatial distribution of radon in ground water is also analyzed to identify the trace of KM fault and correlated with soil radon measurements. The spatial distribution of ground water samples collected in the proximity of KM fault zone is illustrated in Fig. 2 . The detail of experimental procedure, collection of samples and delay corrections for estimation of radon level in ground water is briefly explained in Section "Methodology". The schematic for ground water samples collection is designed by considering the following key points: (a) samples located much away from visible signatures of fault zone, (b) samples located in the close proximity of visible signatures of fault zone, and (c) samples located in the probably direction of concealed fault segment, beyond termination of the physical signature of fault zone. The brief description related to sampling location, depth correction and error is summarized in Table 2 .
At first stage, radon concentration is estimated for ground water samples (sample number 1, 2 and 6) collected away from the visible signature of fault zone tabulated in Table 2 . A very insignificant change of 16.26 Bq/ L to 18.94 Bq/L radon level is observed for samples collected away from the visible signature of KM fault zone. At the second stage, radon concentration is estimated for samples located in the close proximity (sample number 3, 4 and 5) of visible signatures of fault zone. In comparison to distant sampling point (1, 2 and 6) radon level at closer sampling points is found to be significantly higher (23.27 Bq/L to 29.41 Bq/L) that can possibly attributed by the KM fault zone (Table 2) . At the third stage, radon concentration is estimated for ground water samples (sample number 7, 8, 9 and 10) are collected beyond termination of the physical signature of KM fault zone. Maximum radon level (26.75 Bq/m 3 ) is reported for sample 7 that is 50 m away from the probably fault location. In addition to that, ground water sample (sample number 8) collected at 80 m distance from KM fault has a concentration 23.89 Bq/L. Conversely, very low radon level is observed for sample collected at distant locations i.e., sample number 9 and 10 have very insignificant radon level that is 12.33 Bq/L and 17.18 Bq/L, respectively. Inclusively, the higher radon level in ground water samples beyond the termination of surface signature of the KM fault zone unfold the subsurface existence of this key tectonic feature.
CONCLUSIONS
The spatial distribution of radon in soil and ground water is mapped for identification of concealed segment of KM fault in Northern Pakistan. Radon activity level used as a tool for the identification of fault orientation and subsurface existence. The key results obtained by processing and analyzing the radon survey data are given as below:
(1) Soil radon investigation reveals an existence of consistent trend for exposed and concealed segment of fault zone. Sampling points located near to exposed fault location spectacle an anomalous radon level and vice versa. Conversely, activity level of soil radon for concealed segment of KM fault follow trend consistent with exposed segment of fault. This consistent pattern of soil radon for exposed and concealed segment of KM fault confirms the subsurface existence of KM fault. The anomalous variability of soil radon near fault zone is possibly associated with the seismogenic feature.
(2) The spatial distribution of radon in ground water in the proximity of fault zone are found to be in accordance with soil radon observations. Higher radon level near the exposed and concealed segment of fault line further authenticate our results. Furthermore, insignificant radon level for distant water samples gives a preliminary estimate of the contrast of fault radon anomaly.
In a nutshell, the preliminary results reported in current study are found to be very encouraging as well as suitable for delineation of subsurface tectonic features. Additionally, extended profiles and low spacing among sampling points is recommended for devising an optimal strategy for subsurface fault delineation.
